Abstract. The large UV/optical/IR surveyor (LUVOIR) is a concept for a highly capable, multiwavelength space observatory with ambitious science goals. Finding and characterizing a wide range of exoplanets, including those that might be habitable, is a major goal of the study. The ambitious science goals drive the challenges of optical design. This paper will present how the optical design meets the unique challenges for coronagraphs on large telescopes to achieve high contrast for a wide wavelength range from 200 to 2000 nm. Some of these unique challenges include the position and size of occulter masks, deformable mirror placement and separation, tight tolerances on the optical system and each element, and finally, packaging all instruments in a limited space. Three types of modules are designed after the coronagraph to explore the exoplanets and analyze the spectrum of detected exoplanet signals: two imaging cameras, two integral field spectrographs, and one high-resolution spectrometer. All of them work together to provide information to meet scientific challenges in searching for habitable planets. The optical designs, unique challenges, and the solutions for all coronagraph and spectral modules are presented. Their specifications derived from science goals are also presented. © The Authors. Published by SPIE under a Creative Commons Attribution 4.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Introduction
The main goals of large UV/optical/IR surveyor (LUVOIR) are to investigate astrophysics, exoplanets, the cosmic origins, and the Solar System. 1 The exoplanets investigation will be accomplished by the Extreme Coronagraph for Living Planetary Systems (ECLIPS) instrument: an ultrahigh contrast coronagraph with imaging cameras and integral field spectrographs (IFS) spanning 200 to 2000 nm, capable of directly observing a wide range of exoplanets and obtaining spectra of their atmospheres.
The first confirmed exoplanet detection occurred in 1992. 2 Since then, there have been several thousand more confirmed detections. The ECLIPS instrument in the LUVOIR mission is aimed to elevate the study to a stage: exploring the full diversity of exoplanets; discovering and characterizing exoplanets in the habitable zones of Sun-like stars across a range of ages; and searching for biosignatures in their atmospheres, in a survey large enough to provide evidence for (or against) the presence of habitable planets and life. 3 To achieve these ambitious goals, a large telescope is necessary. The three major advantages of a large telescope for coronagraphy are the following:
1. High photon collection power to increase exoplanet detection yields, 4 providing the ability to detect exoplanets in the habitable zones with higher signal-tonoise ratio (SNR).
A larger aperture enables a smaller inner working
angle (IWA) or minimum observable separation between an exoplanet and the host star. The IWA is characterized by the parameter λ∕D, where λ is the observing wavelength and D is the telescope aperture diameter. It is noted that the plate scale of a coronagraph increases linearly with the entrance pupil diameter for a fixed f∕#. As a result, for any selected exoplanet with a given angular separation in the sky, then the required IWA for a large telescope can be relaxed. For example, for an exoplanet that is 50 mas from its host star, the required IWA for a 4-m telescope observing at 500 nm is ∼1.9 λ∕D. For a 15-m telescope, the IWA is ∼7.3 λ∕D. This higher resolution provides an advantage in detecting exoplanets in the habitable zones for more distant stars.
3. In order to determine if an exoplanet in the habitable zone is indeed habitable, its spectrum has to be analyzed. The photons collected from large telescopes like LUVOIR provide enough SNR for desired spectrometers, such as the IFS and high-resolution spectrometer (HRS).
8-m unobscured aperture telescope (named LUVOIR-A and LUVOIR-B, respectively).
The top requirements derived from the exoplanet exploration goals for LUVOIR are listed in Table 1 . More details on the flow down of the science goals to the engineering requirements can be found in the LUVOIR Study interim report. 3 To derive optical design specifications from top-level requirement, the following engineering factors must be considered:
1. The coronagraph must be able to accommodate the needed elements, such as coronagraph masks, deformable mirrors (DMs), spectral filters, etc., to achieve the required contrast of 10 −10 .
2. To reach the full wavelength range, ECLIPS must be divided into separate channels that are compatible with detector technologies for the UV, optical, and NIR.
3. The optical system throughput directly affects the exoplanet detection yield. Wherever possible the number of optical elements must be minimized. Optical coatings and material transmittances must also be carefully selected.
4. The wavelength that divides each channel is chosen to be in the continuum, avoiding key spectral features critical to science.
5. The imaging spectrometers must provide the spectral resolving power required to detect spectral features associated with key biosignatures.
Based on the considerations above, the ECLIPS instrument is divided into three channels: UV, VIS, and NIR. The three channels operate simultaneously to observe the entire ECLIPS wavelength range of 200 nm to 2.0 μm. Nonabsorbing dichroic beamsplitters split the beam into different wavelength bands with high efficiency. The wavelength range of each channel is listed in Table 2 .
Another important engineering factor is that the whole ECLIPS instrument must fit into the allocated mass and volume to guarantee mission success. Figure 1 is a preview of the ECLIPS instrument in the allocated volume. Large mechanisms that are used to select from multiple coronagraph masks and filters were especially challenging to accommodate. Table 3 shows a mass breakdown summary of the ECLIPS instrument. The initial maximum expected value (MEV) mass allocation of 1073 kg was derived from a mass budget of the entire LUVOIR observatory consistent with a Space Launch System Block 2 launch vehicle's lift capacity. The mass budget was based on analogous systems, systems-engineering rules-of-thumb, and calculations of structure-to-supported-mass ratios. After detailed optical, mechanical, thermal, and electrical designs of the ECLIPS instrument were completed, the actual estimated MEV mass of the instrument is 963 kg. It is clear from the breakdown that the optomechanical assembly is the largest mass driver of the instrument. Minimizing the optical volume of the instrument is the most direct way to minimize the mass of the instrument, Fig. 1 A preview of the ECLIPS instrument in the allocated volume. Table 3 An initial mass allocation for the ECLIPS instrument was derived from an observatory mass budget. The estimated mass is shown, along with a subsystem breakdown, after detailed optical, mechanical, thermal, and electrical designs were completed. The MEV is shown, which includes the estimated system mass, plus an additional 30% mass growth allowance to reflect the relatively low maturity of the designs. The additional mass margin is held at the observatory system level. and so, an effort to make the instrument as compact as possible was undertaken while still maintaining necessary imaging relationships between pupil and focal planes. The resulting optomechanical design not only achieved the mass allocation with margin but also fit within the available instrument volume, as shown in Fig. 1 . In the following sections, the optical design of the coronagraph and its instruments will be discussed in detail. Based on the two LUVOIR telescope designs (obscured versus unobscured), ECLIPS will use two possible coronagraph architectures: an apodized pupil Lyot coronagraph [5] [6] [7] (APLC) for the 15-m obscured telescope (LUVOIR-A) and a vector vortex coronagraph 8 (VVC) for the 8-m unobscured telescope (LUVOIR-B).
IFS and HRS
It is interesting to note that regardless of the telescope design and aperture size, the ECLIPS instrument performance requirements are the same. Furthermore, the first-order optical design requirements are driven not by the telescope aperture size, but rather by constraints placed on the pupil and image planes internal to the ECLIPS instrument. For example, the pupil plane diameters are driven by the size of available DMs and fabrication limitations on apodizing and Lyot masks. Similarly, the focal ratio of internal image planes is driven by fabrication limitations of the focal plane masks (FPMs). Imaging and spectral resolution of the back-end cameras are also identical between the two architectures, derived from top-level science requirements. Therefore, the optical design of the ECLIPS instrument for LUVOIR-A is nearly identical to that of ECLIPS for LUVOIR-B. The primary difference is in the first few preoptics that pick-off the beam from the telescope focal plane and relay it into the instrument module. Once an optomechanical design of ECLIPS for LUVOIR-A was completed, the design was ported to the LUVOIR-B model with only minor modifications to the preoptics. This paper is organized as follows: Sec. 2 discusses the coronagraph and its three channels. Section 3 discusses the IFS designs for optical and NIR channels. Section 4 discusses HRS of the NIR channel. Section 5 discusses the cameras of the UV and optical channels. In each section, we connect the module specification to the ECLIPS top level requirement. A summary is provided in Sec. 6.
Coronagraph
In order to meet the top-level requirement of 10 −10 contrast, the coronagraph optical system is designed to provide a number of key surfaces for inserting coronagraph masks. To achieve starlight suppression with either an APLC or a VVC, four critical planes must exist for inserting the masks: (1) a pupil plane for placing a deformable mirror (DM) for wavefront control; (2) a pupil plane for placing an apodization mask; (3) a focal plane for placing a FPM; and (4) a third pupil plane for a Lyot stop. Simulations have shown that with such a coronagraph optical system and specially designed APLC masks, 10 −10 contrast can be achieved. 9, 10 As mentioned before, the ECLIPS coronagraph is designed in such a way that all three channels operate simultaneously to minimize the observation time and to see the activities of events for the full wavelength range at the same time.
Coronagraph Requirement
Achieving high contrast requires that the optical design is diffraction-limited at the shortest wavelength in each channel, and at each of the coronagraph mask planes (apodizer, focal plane, Lyot). Fortunately, the field-of-view (FoV) of the coronagraph is small (<1 arc sec), so this performance can be achieved using simple off-axis parabola (OAP) mirrors only. The rest of the optical design requirements are driven by the hardware. For example, the size of the pupil in the DM planes is driven by the number of actuators across the DMs and their pitch. Similarly, the minimum manufacturable feature size of the apodization mask, focal plane, and Lyot masks are limited by today's state-of-the-art fabrication capabilities and constrain the plate scale of these beams. The parameters of the DM, apodization, and Lyot stop masks are listed in Table 4 .
Coronagraph Optical Design
The key for the coronagraph design is to provide either pupil image or intermediate image planes for the masks in Table 4 . Another key aspect of the coronagraph is to provide diffraction-limited performance in all planes over a minimum FoV 32 λ∕D and a preferred FoV 64 λ∕D. Figure 2 shows the coronagraph and its modules with the 15-m telescope. Both LUVOIR-A and LUVOIR-B are three-mirror anastigmats (TMA). The principal difference is that LUVOIR-B is an off-axis TMA to eliminate the central obscuration and its support structure.
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Figure 3 is the UV channel layout. The other two channels are the same as the UV channel up to the location of the spectral filters. The following is the list of each element and its functions. It also explains how the positions and sizes of the key elements are determined.
1. Collimator group: It includes two off-axis conic surfaces. Besides collimating the beam, it also relays the pupil images to DM1 with ϕ (beam diameter) ∼45 mm. It is necessary to have DM1 in a pupil plane in order to correct wavefront errors (WFEs). The ϕ ∼45 mm is less than DM's dimension of 50 mm.
2. DM1 and DM2 are selected as MEMS from Boston MicroMachines Co. They work with wavefront sensing mechanisms and coronagraph masks to obtain the designed high contrast. The distance between the two DMs is >800 mm to allow for simultaneous correction of amplitude and phase. The minimum separation is driven by beam diameter and is a symptom of the Talbot effect 7 and how aberrations "mix" between phase and amplitude as the light propagates from the first DM to the second. 3. OAP1 and OAP2 collimate the beam and relay the pupil image to a reflective apodization mask. The collimated beam diameter needs to be ϕ ¼ 100 mm to accommodate the minimum 10-μm pitch size of the mask pattern.
4. The reflective apodization mask is a special design to create a high contrast FoV from 4 λ∕D to the required 32 (or preferred 64) λ∕D.
5. OAP3 focuses the collimated beam to an f∕15 beam to provide a focal plane for the FPM.
6. OAP4 collimates the beam again and provides one more pupil plane for the Lyot stop mask. A spectral filter wheel is just after the Lyot stop.
The collimated light after the Lyot stop and spectral filters is then relayed onto the back-end modules of each channel: each camera, the IFS, and HRS.
Coronagraph Performance
The coronagraph performance is measured by WFE. The analysis shows that the coronagraph is diffraction limited at all mask planes for the shortest wavelength of each channel, which is one of the requirements that is specific to the coronagraph optical design. Table 5 lists the WFE of each channel at the final mask plane: the Lyot stop. The WFE is obtained using wavefront analysis tool in the optical design software Zemax, where all ECLIPS optics are designed and modeled. The maximum FoVs (half) for UV, optical, and NIR channels of a 15-m telescope are 0.176″, 0.45″, and 0.88″, respectively, which corresponds to 64 λ∕D at 200, 515, and 1000 nm, respectively. The maximum FoVs (half) of an 8-m telescope is 0.330″, 0.850″, and 1.650″, respectively. The definition of diffraction limited is that the WFE less than 0.071 waves, or λ∕14. Table 5 shows that all WFEs are significantly better than the required 0.071 waves. It also indicates that there is plenty of room for the margin that includes fabrication and alignment tolerances.
The WFE in other mask planes, such as the DM, apodization mask, and FPM, is very similar due to the nature of pure reflective design for the coronagraph after the dichroic beam-splitter and due to the sub-arc-second FoV.
Integral Field Spectrographs
There is one IFS in the optical channel and one in the NIR channel. The spectrometers enable investigating the atmosphere of the targeted exoplanet to search for signs of habitability. Although each spectrograph has different performance requirements as determined by the different operational wavelength ranges, their optical configurations are similar. Both include relay optics, a lenslet-based field slicer, and refractive dispersing elements. The detailed specifications for both are detailed in Sec. 3.3. The main objective of the spectrometers is to provide enough resolving power to search for exoplanet biosignatures. The LUVOIR interim report indicates: "For planet characterization, we assume that SNR ¼ 10 on the planet continuum is required to constrain gas abundances, based on the results of spectral retrieval work using R ¼ 140 in the visible channel 10, 12 and R ¼ 70 in the NIR. The R ¼ 140 spectral resolution in the visible is driven by the requirement to accurately characterize the O2 A-band and also to sufficiently retrieve H 2 O, O 2 , and O 3 abundances. 10 The NIR resolution is chosen to measure the broad NIR features like H 2 O and CH 4 . Note that LUVOIR-A also includes an option for R ¼ 200 in the NIR to resolve the narrow CO2 feature near 1.5 μm."
The minimum requirements for each IFS are listed in Table 6 . The preferred requirements are to have an outer working angle at 64 λ∕D for both telescopes and for all channels.
Even though the sampling at lenslet arrays and detectors is defined by the Nyquist criterion, they are driven by different requirements. The sampling at the lenslet array is a hard requirement to have a point source on the sky Nyquist sampled by the number of lenslets. Sampling at the detector is driven by the image of each spot formed by a lenslet and filtered by a pinhole on the back of the lenslet array to be Nyquist sampled by the detector pixels. Since the Lyot stop in both LUVOIR-A and LUVOIR-B are constrained to be the same size, IFS designs can be shared for both observatory concepts. The only difference is the plate scale, where the FoVon sky has a ratio of 8:15 for 15-and 8-m telescopes, respectively.
Lenslet Array Design
The main goal of the lenslet array design is to provide enough spacing among adjacent lenslets to display the spectral traces to satisfy the cross-talk requirement. It depends on the following parameters: (1) Spectral resolving power R and instantaneous bandpass Δλ, (2) cross-talk requirement, (3) magnification ratio of IFS collimator and imager, and (4) detector format and pixel size. The first two parameters are directly from ECLIPS top requirement and the rest of the result from optimizing IFS performance with currently available detectors.
To design the IFS, one must first design the lenslet array, because it determines the plate scale of IFS and its relay from Lyot stop of coronagraph to the lenslet array surface.
The specifications for the optimized lenslet shape and dimension are listed in Table 7 .
To avoid difficulty in alignment and to increase the stability, a pinhole mask at the back surface of the lenslet array spatially filters the lenslet images. Because of the shorter wavelength and the volume constraint, the optical IFS has a magnification ratio of 1:1.6 from the collimator to the imager. Therefore, even though the optical channel IFS has a higher resolving power R ¼ 140, the lenslet size is not much larger than R ¼ 70 NIR IFS. For the lenslet material, the optical channel uses UV grade Corning 7980 or equivalent, and the NIR channel uses IR grade Corning 7979 or equivalent to avoid an absorption dip introduced around 1300 nm. The spherical lenslet surfaces are on the front surface of each lenslet array. The spherical surface might introduce some spherical aberration, but the spherical aberration is proportional to r 4 , where r is the radius of the lenslet aperture. For all lenslets, the radius at the corners is less than 100 μm, the aberration is tiny and, therefore, can be ignored. For example, the WFE of the rectangular lenslet array at λ ¼ 615 nm is 0.0021 waves RMS for spherical lenslet, which is only 3% of diffraction-limited 0.071 waves. If a conic surface is used for optimization, the WFE only improves slightly to be 0.0020 waves RMS.
Figures 4(a) and 4(b) show the lenslet geometry of the optical and NIR channels, respectively. The length of the spectral traces of 34 pixels for the square lenslet array is to meet the spectral resolving power of R ¼ 140 plus the 4-pixel separation between any two adjacent traces in one line. The length of 20 pixels for the hex lenslet array is to meet the spectral resolving power of R ¼ 70 plus separation between traces. A few more pixels are also included to deal with the slight nonuniformity of spectral resolving power due to compound prisms, which will be discussed in Sec. 3.3.
The lenslets of both optical and NIR channels were modeled in the optical design software ZEMAX. They are shown in Fig. 5 .
Relay Optics for IFS
With the calculated lenslet size, it is ready for relay optics design. The main function of the relay optics is to magnify the image onto the lenslet array to meet the Nyquist requirement at λ min for both the optical and NIR channels. The specification of the relay is listed in Table 8 . The notes in the last column indicate where the numbers are derived from.
An off-axis Cassegrain telescope was selected for the relay. A single OAP can also provide diffraction-limited performance for such a small FoV. Both designs are virtually aberration free.
However, the focal length of a single OAP for the optical and NIR channels must be 9.7 and 5.0 m to meet the required f∕# ¼ 481.5 and 248 for required point spread function (PSF) sampling, respectively. This causes problems for packaging into an allocated volume. Therefore, the more compact off-axis Cassegrain telescopes are used as the relay telescopes for both channels. The layout of the relay for the optical channel is shown in Fig. 6 . The optical relay mirror (ORM1) and ORM2 are the primary mirror and secondary mirrors, respectively. Even though the magnification and f∕# of the NIR relay are different from the optical relay, the layout looks very similar. It is not shown here.
The optical performance at the lenslet array is diffraction limited for both channels and both 15-and 8-m telescopes. Because the relay is virtually aberration free, the WFE is very similar to the WFE listed in Table 5 . Even though the required minimum IFS FoV is 32 λ∕D, the diffraction-limited performance is over the entire preferred 64 λ∕D FoV for the entire wavelength range.
IFS Optical Design and Performance
Three candidate spectrographs were based on lenslets, an image slicer, and lenslet + fiber. Among them, the lenslet-based IFS was selected for the LUVOIR study because of its simplicity, and its capability to provide high throughput and high spatial resolution. For the other two IFS types, the image slicer is not able to provide the desired spatial resolution, and the throughput loss from the lenslet array to a single mode fiber makes it unfit for exoplanet applications. Based on the latest and advanced image slicer design from Wide-Field Infrared Survey Telescope (WFIRST) integral field channel design, the smallest slice width is 0.25 mm, and the total number of slices is only 20. 13 Even though the number of slices could be doubled, or even tripled, to achieve the 256 slices that are needed to obtain Nyquist sampling for 64 λ∕D FoV is still beyond current capabilities. Besides, the optics between slicer and spectrometer are also a great challenge, requiring an array of 256 pupil mirrors and 256 slit mirrors to match the number of the slices. That is, the more slices it has, the more difficult the design, alignment, and stability requirements are.
The main problem of the lenslet + fiber design is the low coupling efficiency between a lenslet and a single-mode fiber. When we need to couple laser light into a single-mode fiber, we move from the geometric ray trace to a Gaussian mode-matching problem.
14 Even to couple monochromatic visible light from a laser diode into a single-mode fiber is not trivial. In theory, the coupling efficiency of the single mode fiber depends on how well the incident optical wavefront matches the output Gaussian beam from the single mode fiber. Any mismatch, such as a non-Gaussian beam, misalignment, etc. will end up with coupling efficiency reduction. For example, even though a lenslet array does not have gaps as packed fiber tips, but the mismatch to the Gaussian beam from fiber makes the area advantage of no-gap lenslet array disappear because the light from the corners of the lenslet does not match the Gaussian mode of the fiber. A more significant loss is the wide wavelength range of both the optical and NIR channels. The lenslet design can only be optimized to match one wavelength, for other wavelengths in the range, the coupling efficiency will decrease due to a mismatch between PSF and fiber core size. In practice, to accurately align more than 70,000 fibers both positionally and angularly with such a tight tolerance is probably the most challenging part to obtain the high coupling With 1:1.6 magnification from lenslet array to detector array, the length of each spectral trace is 34 pixels on the detector array, and the separation in nondispersion direction is Δ ¼ 6 pixels to avoid cross-talk. (b) Hexagon lenslet array for NIR IFS. The hex lenslet size (side to side) is 120 μm. With 1:1 magnification from lenslet array to detector array, the length of each spectral trace is 20 pixels on the detector, and separation in nondispersion direction is also Δ ¼ 6 pixels.
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Apr-Jun 2019 • Vol. 5 (2) efficiency. In the estimate, the throughput will be less than 50% compared to the lenslet array alone. It should be mentioned that a new type of fiber, photonic crystal fiber, could support single mode for broad wavelength range with a relatively larger core size (∼10 μm with low throughput loss in optical range). However, the numerical aperture from the lenslet is the same for all wavelengths, and the PSF size is still a function of the wavelength. So, no real advantage from theoretical coupling efficiency is gained, but it might relax the alignment tolerance a little. After the IFS type was selected, the next step was to design a spectrometer. A prism type spectrometer is needed for the lenslet based IFS unless the wavelength range of the spectrometer is only a small portion of the grating free spectral range, and the FoV is small enough to push the unwanted diffraction orders out of the detector array. The design specifications derived from the optical and NIR IFS requirements are listed in Table 9 . Both use a pure refractive design with compound prisms for the spectrally dispersive element. Both of them have a collimator group and an imager group with compound prisms in between. However, they are different enough and will be discussed separately.
IFS for optical channel
From an optical design point of view, the design for the IFS in the optical channel is quite challenging due to the following reasons: (1) It requires a higher spectral resolving power; (2) the dispersion of glass material is much higher at shorter wavelengths than at longer wavelengths, so chromatic aberration is more difficult to control; (3) relatively large detector size; Fig. 5 The single lenslet ray trace in the cross-section. In this design, the focus is designed right at the back of the lenslet array substrate, where a pinhole make is deposited on. The core of the diffraction limited PSF passes the pinhole, most of the ring structure and of the PSF and stray light are blocked by the pinhole to improve the contrast. Based on the wavelength and plus the tolerance, the pinhole diameter for optical lenslet array is 30 μm, and for NIR lenslet array is 40 μm. The full lenslet array in optical channel includes 72,300 square lenslet and that in NIR channel 128,000 hexagon lenslets. and (4) mass and volume limit. To overcome these challenges, the optical IFS design chose a magnification of 1:1.47 between object and image, instead of commonly used 1:1. In other words, the collimator group and the imager group have different focal lengths.
The IFS is designed to use the maximum circular area of the selected detector chip, even though the outer working angle of 64 λ∕D (as limited by the number of actuators across the DM aperture) is smaller than this. This is because there are nonhigh contrast science cases that may use the coronagraph IFS to obtain spectra over the larger FoV. With the 1:1.47 magnification, the object size reduces ∼1∕3, which not only makes the aberration easier to control but also reduces the size of the collimator. On the other hand, the 6 pixels of cross-dispersion separation can easily handle the Airy disk size at the longest wavelength of 1030 nm for anf∕11.76 beam.
With the Nyquist sampled PSF overfilling the individual lenslet, the real aperture stop, in this case, is the lenslet boundaries, either square or hexagonal. In the standalone IFS model, it is important to make sure that the f∕# of the object equals the f∕# of the designed lenslet, and the chief ray directions follow the chief ray directions of relay optics for the entire FoV. The optical IFS design is optimized using the ray trace software Zemax. The layout of the design is shown in Fig. 7 . The spot diagram is shown in Fig. 8 . The spectral resolving power versus wavelength is shown in Fig. 9 . It is seen that the spectral resolving power is not perfectly flat but meets the R ¼ 140 AE 10 requirement. With the limitation of available materials, for providing high transmittance for the entire wavelength range, it is hard to make it perfectly flat. But if more time has been spent to optimize the combination of glass material dispersions and prism apex angles, improvement is definitely possible. It is also worthwhile mentioning that the spectrometer design provides the dispersion for the full wavelength range. However, only an instantaneous band (10%) is observed at any particular time. All spectral traces shift on the detector for different instantaneous bands, but they never overlap for any instantaneous band as long as the bandwidth of the spectral filters does not exceed 10%. It should also be pointed out that the compound prism does not provide zero deviation at the central wavelength. This is due to the trade to have the spectral resolving power flatter than to have zero deviation. Zero deviation has some advantage during alignment, but we have shown that a nonzero deviation IFS can be aligned precisely using optical model and metrology tools for a prototype IFS "PISCES" for WFIRST coronagraph testbed. 15, 16 At last, it should be pointed out that for the optical channel, the detector is mounted to a detector housing with a fold mirror in front to reflect the light into the EMCCD. This is due to the concern that high energy particles will add noise and degrade the detector performance over time, as studied by the WFIRST coronagraph instrument (CGI). 17 The housing and fold mirror will limit the solid angle of this light to hit the detector in two ways: (1) In order to mount a relatively large detector housing, the field corrector has to be removed, which makes the optical path length from the last optical element to detector significantly longer. Compared to the NIR IRS in Sec. 3.3.2, the ratio of the solid angle of NIR to optical IFS is 8:1. (2) Comparing with and without detector house for the CCD at the same distance from the last optical element, the solid angle reduction is ∼4∶1. For most of the applications, this may not be a problem. But the exoplanet detection requires such high contrast, every effort has been made to retire as much potential risk as possible to improve the SNR. Total spectral length (detector pixels)
(include isolation pixels)

Cross dispersion separation (pixels) 6 6 Fig. 7 Optical IFS design. The field lens is used to control the chief rays to reduce the diameter of the collimator group. The compound prisms are to provide the required spectral resolving power. Meanwhile, the material selection of three prisms is for making the spectral resolving power as flat as possible in the defined wavelength range.
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IFS for NIR channel
The optical design for the NIR IFS is relatively easier because the spectral resolving power is only R ¼ 70. Besides, the glass dispersion for longer wavelengths is lower, and the detector size is a little smaller at 40 × 40 mm. So, the magnification for the NIR IFS is kept at 1:1. It is seen that the compound prisms generated less beam deviation than the optical channel due to the lower spectral resolving power R ¼ 70 AE 10. Also, the number of prisms reduces to two. It should be mentioned that two prisms make the resolving power less flat over the full spectral band, although it still meets the specification. Of course, the glass material selection for the two channels is very different. For the optical channel, the high transmittance materials from 515 to 1030 nm are selected, and for the NIR, those from 1000 to 2000 nm are selected. Because the luminescent or fluorescent light is mainly in the shorter wavelength range, the H4RG detector is not sensitive in that range. Therefore, the fold mirror in front of the detector is no longer needed. The optical layout and the resolving power are shown in Figs. 10 and 11.
High-Resolution Spectrometer
The HRS is only in the NIR channel. The function of the HRS is to provide high spectral resolution to investigate the detail of the spectrum for the interested exoplanets observed by the NIR IFS. The HRS specification is listed in Table 10 . The HRS and NIR IFS share the same collimator optics (see Fig. 12 ). Two mechanisms are designed for the HRS: a slit before the NIR lenslet array and a flip fold mirror right after the collimator. When an interesting exoplanet is found, a steering mirror in the HRS relay optics is used to move the exoplanet to the center of the lenslet array. Then, the slit is moved in to limit the instrument FoV to just the exoplanet. After the exoplanet spectrum is shown in the IFS, the fold mirror is flipped in to direct the beam to the HRS. The HRS consists of two prisms and an imager lens group. A trade has been performed between a prism and a grating as the HRS dispersive element. The prism is selected because of the following reasons: (1) the required resolving power R ¼ 200 is comfortable for the prism to handle. In the case of having prisms in collimated space, the resolving power is proportional to the product of angular dispersion of prism and the focal length of the focusing optics. The focal length of the HRS focusing optics is close to 300 mm, to obtain R ¼ 200 the prism only needs to provide a dispersion of 0.5 deg for the total wavelength range of 1000 nm, which is in prism's comfort zone. (2) The prism provides higher throughput over the full wavelength range. For the alternative gratings, the diffraction efficiency is high at the peak wavelength but drops gradually toward the edge wavelengths to 70%
18 of the peak in our wavelength range, which is the full free grating spectral range from 1000 to 2000 nm. Since each channel uses a number of Fig. 7 , the λ used for computing R is the mean of the two wavelengths. Δλ is the wavelength separation to be resolved for two detector pixels (Nyquist). For example, the ray trace in Fig. 7 provides d for 10-nm wavelength separation, the pitch of the selected detector is δ, then Δλ ¼ ð2 × 10Þ∕ðd ∕δÞ nm, where d and δ are in the same unit. Fig. 10 NIR IFS design. The field lens is used to control the chief rays to reduce the diameter of the collimator group. Two prisms are used to provide the required spectral resolving power and required flatness. spectral filters with 10% of bandpass, at the bands of two edges, the throughput drops to 30%. As a result, the exposure time needs to be 30% longer to achieve the same SNR. (3) No unwanted orders or orders overlap of the spectrum. (4) The grating provides a constant spectral resolution but not resolving power. When the detector pixel size is included, the spectral resolving power provided by the grating increases with wavelength. The resolving power for the HRS is plotted in Fig. 13 .
Cameras for UV and Optical Channels
The specifications for the UV and optical cameras are listed in Table 11 . Their designs are relatively straight forward compared to the IFSes and the HRS. They are similar to the relay optics for IFSes but have different magnifications to meet Nyquist sampling requirements at the detector. The main requirement for cameras is to provide diffraction-limited performance. Even though the diffraction-limited performance looks the same throughout ECLIPS instrument, the diffraction-limited performance at UV (200 nm) is much more challenging than that in visible and NIR wavelength range. Therefore, the off-axis Ritchey Criterion Telescope is used for the camera relay optics. Compared to the IFS relays, the f∕# of the cameras are relatively small at f∕130 and f∕50.48 for the UV and optical channels, respectively. This is benefitted from much smaller detector pixel size than lenslet size. The WFE requirement after Lyot stop is not as critical, because the starlight suppression for high contrast is already completed at this point. However, the diffraction-limited performance is still required to keep the Fig. 11 Spectral resolving power of the NIR IFS. The plot shows that resolving power meets the specified R ¼ 70 AE 10. It is calculated using the same way as for the optical channel. maximum power in the Airy disc for increasing exoplanet detection yield. Actually, we would like to keep the design residual as low as possible to provide room for fabrication, alignment, and environmental errors. The UV channel does not have a spectrometer. The layout of both cameras is shown in Fig. 14 . The performance of the cameras is evaluated by WFE, as are most astronomical applications. Figures 15 and 16 show the WFE mapping for cameras of the UV and optical channels. The diffraction-limited wavefront is 0.071 waves. The maximum scale of the maps is 0.05 waves, which indicates that the performance of the entire FoV is diffraction limited. Compared to the WFE at Lyot stop that is listed in Table 5 , the difference is minimal except the upper right corner of 200 nm for 15-m telescope. That means the WFE of standalone cameras is minimal, and cameras are well designed.
Only the shortest wavelength in each case is shown. The WFE for longer wavelengths (measured in waves) is inversely scaled down. This is because in the whole camera path, from the telescope to the coronagraph to the cameras, all optical elements are reflective. The absolute WFE measured in nanometers (or other length units) is the same. When scaled to the wavelength to evaluate if it is diffraction limited, the longer the wavelength is, the smaller the WFE.
Summary
The ECLIPS optical system for both the 15-m and 8-m telescopes has been designed and analyzed under the LUVOIR study for the 2020 Astronomy and Astrophysics Decadal Survey. The ECLIPS instrument is configured to have a coronagraph and five back-end modules: two IFSes, one HRS, and two cameras, to achieve the top level requirement set by science goals. The specifications for each coronagraph and each module are described. The optical designs based on the derived specifications are presented, and performance is analyzed. The results show that all coronagraphs and the five back-end modules meet the specifications at all wavelengths, at all coronagraph critical planes, and at all cameras and spectrometers. That implies that the designed optical system has the capability to fully support the ambitious exoplanet exploration mission. During the optical design, the effort has been made to select as technically mature elements without compromising the required performance. The ECLIPS design is interchangeable between the 15-m and the 8-m LUVOIR telescope designs. The only differences are as follows:
1. The first collimator in the coronagraph has a different prescription for the 15 and the 8 m. All designs other than that are identical.
2. The FoV is 64 λ∕D for both designs and is therefore different on the sky for each telescope. LUVOIR-A, with a 15-m aperture, has a smaller FoV on the sky and is, therefore, able to access more distant exoplanet systems.
Even though the required FoV is 32 λ∕D for the shortest wavelength of each channel, the preferred FoV of 64 λ∕D is used throughout the ECLIPS optical design to allow for a potentially more-capable instrument that should have the required DM and detector technologies be developed. All performance specifications are met for 64 λ∕D.
Finally, we would like to emphasize the unique advantages of a large telescope: The capability to detect the Earth-sized exoplanets very close to Sun-like stars and the enhanced capability of a large telescope's photon collecting power enables spectral analysis to search for biosignatures and to determine if the detected exoplanet is habitable.
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